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Background: Providing comprehensive knowledge of the anatomy of human teeth is one of the basic
functions of dental education, primarily because a thorough understanding of their internal structure is
one of the prerequisites for any successful clinical intervention. Several techniques have traditionally been
employed to study and visualize the complex internal organization of human teeth. In contrast to these
invasive techniques, modern imaging systems permit non-invasive analyses of the three-dimensional
structure of human teeth. Owing to the relative ease of acquisition, handling, and distribution of the
respective data, digital imaging techniques will also signiﬁcantly inﬂuence dental education.
Highlight: In this article, a broad overview of traditional and modern techniques for the visualization of
internal tooth structures is provided. Emphasis is placed on computed tomography systems and their
application in endodontics. In addition, the results derived from a comparison of histology and micro-
computed tomography are presented. Apart from its utility in basic research, digital data can also be
employed to create interactive three-dimensional models that are particularly suitable for teaching purposes.
Conclusion: Non-invasive, three-dimensional imaging techniques, in particular the various modalities of
computed tomography, have ushered in a new era of endodontic studies. Owing to their digital nature, the
results derived from these techniques can not only be easily analyzed and distributed but also be rapidly
integrated into teaching materials. Recent studies as well as the data shown in the present contribution
suggest that digital educational materials lead to an improved understanding of the complex anatomy of
human teeth.
& 2016 The Authors. Published by Elsevier B.V. Japanese Association for Oral Biology. This is an open access
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A thorough understanding of the anatomy of the human tooth
has always been an important constituent of dentistry, particularly
with regard to teaching purposes [1,2]. In addition, a comprehensive
knowledge of the tooth's internal structure is essential to the suc-
cessful treatment of diseases associated with the pulp cavity [3]. For
over a century, various techniques have been employed to study the
anatomy of the human tooth [4–7]. The ﬁndings of these pre-
dominantly invasive methods have had a signiﬁcant inﬂuence on
clinical practice as well as on dental education. However, non-
invasive, digital imaging techniques such as magnetic resonance
imaging (MRI) or computed tomography (CT) presently constitute
the main approach for research involving the three-dimensional
(3D) aspect of teeth. Consequently, interactive 3Dmodels and virtual
training systems based on MRI and CT datasets are becoming more
widely used in the areas of medical and dental education [8–10].
In order to illustrate the signiﬁcant progress that has been made
in the ﬁeld of endodontics using modern imaging techniques, the
present article aims to provide an overview of the traditional,
invasive methods used to analyze tooth anatomy and the modern,
non-invasive techniques employed for the visualization of the pulp
cavity. In addition, the application of various CT techniques such as
spiral CT, cone-beam computed tomography (CBCT), or micro-
computed tomography (μCT) for anatomical studies is outlined.
Furthermore, several examples of the accuracy of CT-based techni-
ques as well as advanced applications of these methodologies are
provided. A further section of the article describes how dental
education can directly proﬁt from the techniques initially employed
for more speciﬁc research purposes. The present review concludes
by providing an outlook on contributions of digital endodontic data
to the large-scale analyses of internal tooth structures and how such
studies can provide students in dentistry with additional, compre-
hensive learning materials.2. Traditional methods of analyzing internal tooth structures
In his pioneering work to reconstruct and visualize human tooth
anatomy, Preiswerk [4] employed Wood's metal, an alloy that melts
at a low temperature. His approach was relatively simple: (1) The
tooth is perforated from the occlusal surface down to the pulp
chamber. (2) Then, the tooth is moderately heated until a piece of
Wood's metal placed in a cardboard funnel above the tooth's surface
begins to melt. (3) The funnel then ﬁlls with the molten metal,
which ﬂows down into the root canals. (4) Following heat dissipa-
tion, the tooth is dissolved, thus exposing the internal metal cast of
the pulp cavity (Fig. 1a). Only a few years later, Fischer [11] used a
solution of celluloid dissolved in acetone, instead of Wood's metal, to
visualize the pulp cavity. The methods used by Preiswerk and
Fischer can still be successfully used to reproduce the shape of root
canals, but, due to the necessary corrosion of the tooth surrounding
the cast, these techniques do not provide a precise impression of therelation between the pulp cavity and the mineralized part of the
tooth. In order to circumvent this problem, Okumura [12] used
grinding sections that allowed a more direct investigation of the
relation between the external and internal structure of the tooth. He
created numerous sections from all permanent teeth to describe and
measure several important endodontic parameters, including the
position of the ﬂoor of the pulp cavity, the thickness of the pulp
cavity wall, the distance from the cervical line to the furcation area,
the number, size, and shape of root apical ramiﬁcations, as well as
the horizontal sectional variations at the level of the root canal
oriﬁce and apical area (Fig. 1b). However, because the study was
presented in Japanese only, Okumura's work was not met with
much international recognition and the approach was therefore not
adopted by other endodontic researchers.
Two years after Okumura's study, Adloff [13] improved
Preiswerk's approach by ﬁrst injecting molten metal into root
canals, then rendering the studied teeth transparent in order to
investigate the relation between the pulp cavity and the remaining
tissue. Shortly afterwards, Moral [14,15] reported another method,
where hard tissues were also made transparent, but where the
pulp cavity was ﬁlled with Indian ink instead of Wood's metal
(Fig. 1c). Using this approach, the author demonstrated, among
other ﬁndings, that the frequency of the existence of a fourth root
canal in the mesiobuccal roots of the 100 maxillary molars ana-
lyzed was 63%. Only a few years later, Hess [16] published notable
results on the anatomy of different root canals from a sample
comprising 2800 permanent human teeth. He succeeded in
reconstructing the root canal shape on such a large scale by using a
novel approach that involved ﬁlling the teeth with vulcanized
rubber (Fig. 1d). To complement his ﬁndings, he made grinding
sections of selected teeth to illustrate the ﬁne structure of the root
canals in their apical region. Hess [5] also conducted experiments
aimed at reproducing the results obtained by Preiswerk and Adloff.
However, his trials largely ended in failure due to cracks in the
dentine that formed during the heating process.
In addition to the invasive techniques employed by these early
researchers, X-ray imaging was soon found to constitute a valuable
approach for elucidating the internal structure of the human tooth.
In his seminal study, Mueller [17] used X-ray imaging to investi-
gate extracted teeth ﬁlled with gutta-percha (Fig. 1e). Since then,
extra-oral as well as intra-oral X-ray imaging has been used to
understand variations in the structure of the pulp cavity [18–20].
For example, Pineda and Kuttler [6] as well as Benjamin and
Dowson [21] more recently used X-ray images taken from the
mesiodistal and buccolingual directions to determine the number
of root canals present in teeth with a single or with two roots.
However, multi-rooted teeth such as maxillary molars required the
roots to be cut off and imaged separately in order to avoid
superimposition of the various root canals in the resulting two-
dimensional (2D) X-ray images [6,19]. This impediment meant
that conventional X-ray imaging never became a mainstream
technique in the ﬁeld of endodontic research.
Fig. 1. Overview of techniques traditionally used for the visualization of internal tooth structures. (a) Schematic drawings of Wood's metal replicas of the pulp cavity from
two mandibular molars. Modiﬁed from [4]. (b) Schematic drawings of grinding sections of maxillary ﬁrst premolars. Modiﬁed from [12]. (c) Drawings of three Indian ink-
ﬁlled mandibular molars cleared using phenol. Modiﬁed from [15]. (d) Corrosion casts of the root canals of two maxillary molars made using vulcanized rubber. Modiﬁed
from [5]. (e) X-ray images of three maxillary ﬁrst premolars showing pulp cavities ﬁlled with gutta-percha. Modiﬁed from [17]. (f) Two views of an epoxy-ﬁlled maxillary
second molar cleared using papain. Modiﬁed from [18]. (g) Two hematoxylin-ﬁlled maxillary second premolars cleared using liquid plastic resin. Modiﬁed from [7]. (h) Three
Indian ink-ﬁlled semi-transparent mandibular molars cleared using benzoic acid. Modiﬁed from [30].
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further advancing the invasive techniques employed by previous
workers, used Indian ink to visualize the root canal shape, but
instead rendered the teeth transparent using silicone oil. A similar
approach was later employed by Barker and colleagues [18] as well
as Carns and Skidmore [23] using epoxy resin replicas (Fig. 1f).
However, because these techniques were complex and time-con-
suming, only a few subsequent studies pursued these approaches.
A signiﬁcant step forward was later made by Vertucci and col-
leagues [7], who documented a broad morphological variation in
the root canals of 200 maxillary second premolars. These authors
used hematoxylin to stain the fresh pulp tissue, while the teeth
were completely cleared using a liquid plastic resin following
dehydration in alcohol (Fig. 1g). Since then, this approach has
become a standard method in endodontic research, and numerous
reports [24–34] have been published that elucidate root canal
systems using this so-called “clearing technique” (Fig. 1h).3. Three-dimensional imaging techniques permitting non-
invasive visualization of internal tooth structures
As outlined in the previous section, a considerable range of
techniques has been successfully employed to visualize the anat-
omy of human teeth. However, these methods often required thepartial or even full destruction of the studied samples and were
not digitized, thus rendering the distribution of the raw data dif-
ﬁcult. The early to mid-1990s then saw the ﬁrst application of a
computerized, digital approach based on micrographs of grinding
sections. Using diamond and silicon carbide disks, Berutti [35] and
Blašković-Šubat and colleagues [36] cross-sectioned extracted
teeth and photographed these sections using a camera attached to
a stereomicroscope. The individual photographs were then digi-
tized, the shape was manually outlined, and the resulting stacks of
labeled shapes were rendered in 3D using specialized image pro-
cessing software. However, although partly digital, this approach
still required the destruction of the samples under study. With the
improvement of imaging techniques such as MRI or CT, the fully
digital, non-invasive analysis of the internal structure of teeth had
ﬁnally become possible.
3.1. Magnetic resonance imaging
MRI is a non-invasive imaging technique based on the principle
of nuclear magnetic resonance [37]. The major advantage of this
technique for human diagnostics is the absence of any form of
ionizing radiation. Furthermore, MRI provides excellent soft tissue
contrast without the need for contrast agents. However, hard tis-
sue contrast—of prime importance for studies involving teeth—is
not as good in MRI scans as it is in scans made using X-ray-based
Fig. 2. Examples of non-invasive imaging techniques used to study tooth anatomy. (a) Virtual coronal section through an MRI dataset of the head of an adult female at the
level of the mandible. The dataset has an isotropic voxel resolution of 500 μm. (b) Virtual coronal section through a CT dataset of the head of an adult female at the level of
the maxilla. This dataset has an isotropic voxel resolution of 500 μm. Modiﬁed from [44]. (c) Comparison of two CBCT datasets of a single human tooth, gathered at 200 μm
(left) and 76 μm (right) isotropic voxel resolution. Modiﬁed after [56]. (d) Comparison of µCT and SRµCT datasets of the mandibular molar of a Miocene hominoid primate.
μCT (left) uses a polychromatic X-ray beam, while the X-ray beam in SRμCT (right) is monochromatic, resulting in improved contrast. The isotropic voxel resolutions of this
11.5-mmwide specimen are 20 μm (μCT) and 30 μm (SRμCT), respectively. Modiﬁed from [62]. (e) Comparison of absorption contrast (left) and phase contrast (right) imaging
using the molar of an Oligocene eosimiid primate scanned with SRμCT. This 3.2-mm wide specimen was scanned at 6.7 μm isotropic voxel resolution. Modiﬁed from [62].
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fully used to visualize tooth anatomy, in particular if specimens are
analyzed in a hydrated state. Tymoﬁyeva and colleagues [38]
provide a review of dental studies using MRI. While clinical (i.e.,
human) MRI scanners can usually provide isotropic voxel resolu-
tions of about 500 μm (Fig. 2a), pre-clinical (i.e, small animal)
scanners may permit acquisition of isotropic voxel resolutions
down to 20 μm, depending on the size of the sample and the
magnetic ﬁeld strength of the scanner [39]. Although not common
practice, endodontic research has already beneﬁtted from using
MRI systems. For example, Tymoﬁyeva and coworkers [38,40] used
clinical MRI scanners to visualize dental pulp in vivo at isotropic
voxel resolutions down to 112 μm. A comparative study by Gau-
dino and colleagues [41] using MRI and different CT techniques
concluded that MRI is capable of better characterizing soft tissues
and could be applied to the detection of inﬂammatory or neo-
plastic pathologies at an early stage.3.2. Computed tomography
In contrast to MRI, 3D data on mineralized tissues can be
rapidly and reliably obtained using the X-ray-based imaging
technique CT. However, due to the nature of this part of the
electromagnetic spectrum, CT methods are invariably associated
with varying degrees of ionizing radiation [42]. Originally devel-
oped in the early 1970s as a medical imaging technique by
Houndsﬁeld [43], CT has now become available at different levels
of resolution [42] and various instruments are being used in
endodontic research, in particular spiral CT, CBCT, μCT, and
synchrotron-radiation micro-computed tomography (SRμCT).3.3. Spiral computed tomography
Some case reports show that spiral CT (Fig. 2b) can be an
effective tool for validating internal tooth structures [44,45].
However, the isotropic voxel resolutions that can be obtained are
currently limited to about 200 μm, which does not permit the
resolution of ﬁner root canal structures [46,47]. In addition, spiral
CT exposes the patient to a signiﬁcantly higher radiation dose than
intraoral or panoramic radiography. Consequently, the application
of spiral CT scanners in dentistry is limited [48].
3.4. Cone-beam computed tomography
Owing the above-mentioned limitations associated with spiral
CT and the advantages of CBCT (in particular a reduced radiation
dose), this latter technique is more widely used for diagnostic
purposes in dentistry [48–51]. However, for the application of
CBCT in basic endodontic research, it would be particularly
important to ascertain which root canal dimensions can still be
recognized. In a study using μCT—a technique providing much
higher isotropic voxel resolutions than CT or CBCT—Cheung and
colleagues [52] analyzed the apical anatomy of C-shaped root
canal systems in selected mandibular second molars. Their ana-
lysis showed that the mean values for the longest and shortest
root canal diameter at the apical constriction were 260 and 150 μm
at the mesial as well as 360 and 220 μm at the distal canal,
respectively. Subsequently, Naitoh and colleagues [53] evaluated a
standard CBCT scanner with an isotropic voxel resolution of
100 μm using phantoms of known sizes (i.e., pillars of 100, 200,
300, and 400 μm width). Their study showed that despite its
advertised capability, this CBCT system was not suited to resolve
structures of 100 μm in width. These data also show that the
theoretically achievable isotropic voxel resolution does not
Fig. 3. Examples of the 3D visualization of human root canal shape based on μCT datasets. (a) 3D models of six mandibular premolars with multiple root canals. Modiﬁed
from [71]. (b) Shaded (above) and semi-transparent (below) 3D volume renderings of the apex of a mandibular second molar with a pronounced C-shaped root canal.
Modiﬁed from [52]. (c) 3D reconstructions of two selected root canals (center) from a mandibular molar (left) and corresponding virtual horizontal sections (right). The
different colors illustrate the original root canal dimensions (green) as well as enlargements resulting from preparations using instruments with different sizes (yellow¼#20,
red¼#30). Modiﬁed from [75].
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practice [53].
In a similar study, Al-Rawi and colleagues [54] compared the
accuracy of CBCT- and μCT-based 3D models of human teeth. These
authors showed that their speciﬁc CBCT system did provide
accurate 3D reconstructions of individual teeth at 133 μm isotropic
voxel resolution, but only when a small ﬁeld of view (6  6 cm)
was selected. However, the latest CBCT apparatuses now permit
scans with isotropic voxel resolutions down to about 75-80 µm
[55,56] (Fig. 2c). Using a scanner with an equally high resolution, a
recent study by Byun and colleagues [57] showed that CBCT data
in conjunction with 3D modeling and additive manufacturing
(AM) can be successfully used in the treatment of formation
anomalies, including internal tooth structures. CBCT has also suc-
cessfully been used in epidemiological surveys of unusual root
morphologies [58–60].
3.5. Micro-computed tomography
In contrast to CT and CBCT, μCT was originally developed for
industrial purposes [42,61]. Because μCT systems are equipped
with a micro-focus X-ray source, scans are made at high isotropic
voxel resolutions, sometimes even down to the nanometer scale
[42]. However, due to their technical setup, most μCT systems can
only be used to study extracted teeth or tissues. Please see the
following section for an extended description of the applications
for μCT in endodontic research.
3.6. Synchrotron-radiation micro-computed tomography
SRμCT is a complex technique available at selected particle
accelerators around the world. Like other CT modalities, SRμCT can
be used to non-invasively analyze a large variety of structures, but
in particular those that are difﬁcult to study using μCT [62]. SRμCT
is characterized by a number of aspects not available on other CT
systems: (1) high beam intensity for rapid data acquisition at very
high spatial resolutions, (2) monochromatization of the beam,which helps to avoid beam hardening (Fig. 2d), and (3) high beam
coherence, which allows phase contrast imaging (Fig. 2e). Using
SRμCT, Tafforeau and Smith [63] demonstrated the ﬁrst non-
invasive approach for visualizing the microstructure of the tooth
and revealing several aspects of its development, including the
Retzius line periodicity and the presence of the neonatal line. In
addition, SRμCT presently constitutes the reference system for the
study of highly mineralized fossil samples and is consequently
successfully applied in paleoanthropological studies. For example,
Tafforeau and colleagues [64] investigated enamel prisms at an
isotropic voxel resolution of 678 nm through the entire thickness
of dental enamel in primate teeth of living and fossil taxa. How-
ever, due to the relatively small size of the electron particle beam
and the high radiation dose, only extracted teeth and tissues can
be analyzed. Although the number of particle accelerators around
the world is limited, access to these systems is usually free of
charge based on short peer-reviewed proposals.4. Endodontic studies using micro-computed tomography
Due to the fact that μCT permits non-invasive analyses of tooth
anatomy, a considerable number of endodontic studies presenting
results based on this methodology have been published since the
mid-1990s (e.g. [65–68]). In particular, the descriptions of complex
root shapes such as isthmuses or 3D curvatures as well as mea-
surements of parameters like dentine thickness or canal width
have proﬁted from the properties presented by μCT scans [69,70].
This technique has also been successfully used to analyze teeth
with multiple root canals (Fig. 3a), to investigate molar roots as
well as root canals that display unusual topologies (Fig. 3b), and
has contributed to the development of novel root canal prepara-
tion instruments through the evaluation of the amount of canal
wall area prior to and following preparation (Fig. 3c) [52,71–75].
Fig. 4. A comparison between μCT and histological data with regards to root canal dimensions. These representative data were gathered using the tip of the mesiobuccal root
of a maxillary left ﬁrst molar. The inset shows a volume rendering of the entire, intact tooth and the approximate level of section (dashed black line). The values derived from
the root canal measurements are provided in Table 1. Numbers 1–5 indicate identical root canals. (a) Virtual section through a μCT dataset with 46 μm isotropic voxel
resolution. (b) Histological (grinding) section with 120 µm thickness through the same tooth made following μCT scanning. (c) Schematic root canal drawing depicting the
orientation of the primary tooth axes used for measuring (x¼mesiodistal, y¼buccolingual).
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micro-computed tomography
In order to demonstrate the accuracy of μCT-based imagery, a
virtual 2D section through a 3D μCT dataset (Fig. 4a) was com-
pared with an approximately 120 μm thick grinding section made
at exactly the same position (Fig. 4b). To this end, the mesiobuccal
root of an extracted maxillary ﬁrst molar was used. Prior to his-
tological sectioning, the entire tooth was scanned at an isotropic
voxel resolution of 46 μm using an SMX-225CT μCT scanner (Shi-
madzu Corp., Kyoto, Japan). The virtual 2D section was chosen
using an interactive 3D model for orientation (Fig. 4, inset). The
same 3D model was also used to orient the tooth prior to the
sectioning of the mesiobuccal root. The grinding section at a 2-mm
distance coronal to the apical area was then generated after the
μCT scanning. The root was sectioned using an IsoMet Low Speed
Saw (Buehler, Lake Bluff, IL, USA). The section was lapped on a
grinding machine using 3 μm aluminum oxide, ultrasonicated, and
ﬁnished using a 1 μm alumina suspension. This face of the section
was then ﬁxed to a microscope slide under pressure using UVResin (Logitech Ltd., Glasgow, Scotland). After curing, the section
was lapped to a thickness of approximately 120 μm, ultra-
sonicated, and again ﬁnished using a 1 μm polishing suspension.
The section was once more ultrasonicated, then dehydrated in an
alcohol series. Finally, the section was cleared in xylene and a
cover slip was applied using DPX Mountant (Sigma-Aldrich,
Carlsbad, CA, USA).
The diameters of ﬁve root canals (Fig. 4a, b) were digitally
analyzed by measuring the buccolingual and mesiodistal axes
(Fig. 4c) using the software ImageJ [76]. Each root canal was
measured three times, the values were averaged, and the mean
absolute error was calculated (Table 1). While the results indicate a
slight difference between the measurements of the μCT-based
virtual and the grinding section, the level of precision was sufﬁ-
cient to suggest an application for μCT-based evaluations of root
canal diameters in macro-anatomical studies. However, results of
signiﬁcantly higher precision can be obtained using the half
maximum height (HMH) method [77]. The HMH can be calculated
as the mean of two gray-scale levels on either side of an interface.
Kono and colleagues [78] adopted this approach to determine the
A. Kato et al. / Journal of Oral Biosciences 58 (2016) 100–111106exact position of a boundary between enamel and dentine. Using
this method, the diameter of a given root canal could be deter-
mined with the highest possible accuracy.Table 1
Comparison of root canal diameters (x¼mesiodistal, y¼buccolingual) measured in
a grinding (histology) as well as a virtual (μCT) section of a maxillary left ﬁrst molar.
The mean absolute error amounts to 12 μm. See Fig. 4 for an illustration of the
location of the sections and of each root canal.
Root canal Orientation Histology [μm] μCT [μm] Difference [μm]
1 x 370 340 30
1 y 200 290 90
2 x 160 130 30
2 y 110 140 30
3 x 180 190 10
3 y 180 200 20
4 x 120 130 10
4 y 110 130 20
5 x 130 120 10
5 y 120 130 104.2. High-resolution micro-computed tomography in endodontics
Properties such as non-invasiveness, a relatively short scan time,
and cost-efﬁciency have rendered μCT an important tool for various
scientiﬁc disciplines. Because of the growing demand for advanced
μCT scanners, technical innovations have led to a constant
improvement of X-ray sources and detectors, resulting in high-
resolution desktop scanners that are now able to detect structural
details down to the nanometer scale [42,79]. These properties—here
illustrated by the difference between a μCT scan taken at 46 μm and
at 3 μm isotropic voxel resolution of the same tooth at the same
location (Fig. 5a)—can certainly also be employed for endodontic
studies. The single-digit micron resolution scan was made using the
latest generation of desktop μCT scanners (SkyScan 1272, Bruker
microCT, Kontich, Belgium).
4.3. Soft tissue imaging using micro-computed tomography
In addition to scans performed near or within the nanometer
scale, soft tissue imaging using μCT systems is rapidly gaining in
importance [80]. The approach using contrast-enhanced tissues
has recently also been applied to dental studies (Fig. 5b). In their
study of the microscopic detail of initiating teeth within the
embryonic jaw of a mouse, Raj and colleagues [81] used a silver-
based contrast agent to make the earliest stages of odontogenesis
visible in histological detail and in 3D. Due to the use of a SRμCT
system, the sample size in this particular study was relatively
small, but soft tissue staining can also be successfully employed
using samples in the centimeter scale [82] (Fig. 5c). This and the
following images (Fig. 5d and e) show the pharyngeal teeth of a
fresh water ﬁsh naturally surrounded by soft parts. Prior to μCT
scanning at 17 μm isotropic voxel resolution, the entire organism
of about 6 cm in length was immersed for four weeks in an
ethanol solution with added phosphotungstic acid that would act
as a soft tissue stain [83]. It would be of great interest to further
explore the usefulness of this μCT-based approach for the 3D
visualization of the pulp cavity and all soft tissues surrounding the
human tooth, in particular because new protocols for the staining
of speciﬁc tissues are now increasingly becoming available [84,85].
4.4. Finite element modeling based on computed tomography scans
Apart from high-resolution scans and soft part staining tech-
niques, μCT as well as CBCT also offer the opportunity to conduct
ﬁnite element modeling (FEM) analyses based on the datasetsgenerated using these non-invasive imaging techniques. Such an
approach has been employed, for example, in orthodontic treat-
ment planning [86,87] and dental restorative procedures [88–90].
FEM studies can help to understand and simulate changing stress
patterns in dental tissues, optimize the stability of treatment tools,
and therefore help to minimize the risk for the patient.5. Potential uses of digital tooth data in dental education
The use of virtual reality has become an increasingly important
component of dental education [1]. For example, prior to the
treatment of patients by dental students, virtual reality tools can
be used as an adjunct to other preclinical teaching methods to
train problem solving and communication skills [91–93]. Virtual
reality has also been shown to be of value in other aspects of
dental education [1,8,10]. Nonetheless, dental students ﬁrst need
to attain a thorough understanding of a tooth's external and
internal structure, as this knowledge forms the basis for grasping
the function and potential disease of the tooth [2]. The different
forms of digital tooth data outlined in the previous sections pro-
vide a new basis for the increased use of virtual training tools in
dental education.
5.1. Interactive three-dimensional models of human teeth
In addition to the conventional physical tooth models tradi-
tionally used in dental education, several applications based on
virtual tooth models have been proposed for dental training
courses [94–97]. In contrast to these commercial systems, Kato
and colleagues [98] recently reported that freely accessible 3D
models of teeth embedded into portable document format (PDF)
ﬁles would constitute a valuable tool for dental students as well. In
their study, four publication-embedded tooth models based on
μCT datasets were presented that interactively permit the com-
parison of a tooth with regular root canal morphology and three
teeth showing different types of C-shaped root canals [98, p. 1024].
This approach is further illustrated in the present contribution by
an interactive 3D model complete with 3D labeling (Fig. 6). The
model portrays several aspects of the external as well as the
internal anatomy of an extracted maxillary ﬁrst molar. The crea-
tion of PDF-embedded 3D models has previously been described
in detail [99–103] and recent advances now permit the stream-
lined and standardized creation of such ﬁles using open source
software packages [104,105]. From the perspective of endodontic
morphometrics research, calibrated 3D PDF models also permit
the numeric analysis of tooth shape by allowing measurements
directly within the electronic document.
The 3D aspect of the tooth presented here reveals that the
internal structures are more complex than would be expected
solely from an inspection of the external surface (Fig. 6a). For
example, the palatal root canal is ﬂattened buccolingually and a
lateral branch runs towards the buccal surface of the palatal root
(Fig. 6b). In contrast, the mesiobuccal root canal is ﬂattened
mesiodistally and tapers out into seven branches in its apical area
(Fig. 6c). Furthermore, the distobuccal root canal is the thinnest of
the three main root canals and set at an angle against its root canal
oriﬁce. Further inspection of the virtual tooth model in 3D
(Fig. 6d–f) also shows that an access cavity preparation would be
the most challenging when using the structurally variable dis-
tobuccal root canal. Apart from the ability to freely manipulate the
embedded 3D model in Fig. 6 in the PDF version of this article, the
reader can also activate a series of pre-set views either by directly
accessing a view in the dropdown menu of the main viewer
window or by opening the “model tree” icon and switching from
one view to the next using the green arrows.
Fig. 5. Advanced applications of μCT in dental research. (a) Comparison of low- vs. high-resolution μCT scans of a maxillary left ﬁrst molar. In comparison to the lower
isotropic voxel resolution (left, 46 μm), the higher resolution (3 μm, right) provides additional information on the internal as well external hard parts of the tooth. The inset
shows a volume rendering of the entire, intact tooth and the approximate level of section (dashed black line). (b) SRμCT in combination with silver-based staining of the
mouth region of a mouse embryo reveals early odontogenesis. Modiﬁed from [81]. (c–e) Soft tissue staining in combination with μCT performed on the pharyngeal region of
a fresh water ﬁsh, the ide (Leuciscus idus Linnaeus, 1758). A virtual section through the dataset with 17 μm isotropic voxel resolution (c) reveals hard and soft tissues—the
arrow indicates a single pharyngeal tooth. A volume rendering of the dataset (d) shows a combination of soft parts (pharyngeal epithelium) and hard parts (mineralized
pharyngeal teeth), while threshold-based virtual removal of soft parts (e) results in the display of only the hard parts.
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The numerous opportunities offered by 3D PDF documents have
a number of foreseeable implications for dental education. Although
a recent study found that 75% of students preferred using hard-
copies instead of electronic textbooks for learning [10], certain
morphological and anatomical skills can be more easily conveyed
using interactive 3D models. For example, 3D PDF documents made
available in parallel to a lecture or practical course provide students
with the opportunity to explore the models at their own pace in
parallel to teaching. In a preliminary experiment aimed at deter-
mining the impact of this approach, a small group of advanced (4th
grade) dental students at Aichi Gakuin University answered a
questionnaire (n¼6) following prolonged exposure to an interactive
3D PDF ﬁle in class. All students expressed the opinion that inter-
active educational materials were useful tools for studying tooth
anatomy. However, a few students remarked that, for them, con-
ventional 2D schematic illustrations like those found in textbooks
constitute an important source of information with which to grasp
complex anatomical structures. With regards to the speciﬁccontents of the 3D PDF ﬁle, the students noted that the complex
structure of the lateral branches and apical ramiﬁcations of the pulp
cavity had particularly impressed them. These preliminary results
indicate that interactive 3D models such as the one shown in Fig. 6
must be seen as a valuable teaching supplement, but cannot yet be
used to replace the established forms of teaching materials in dental
education.
5.3. Additive manufacturing of three-dimensional human tooth
models
It could be argued that interactive 3D models that can be
operated on a personal computer do not fully convey a tooth's
morphology. As a remedy, 3D virtual models can now also be
made accessible to dental students as custom-made and scaled
physical objects through additive manufacturing (AM), thus pro-
viding students with a genuinely 3D interpretive experience
[106,107]. AM is a process by which different types of material can
be added layer-by-layer to produce a 3D object [108] and is
increasingly being used in the life sciences [109–111].
Fig. 6. An example of a 3D PDF model suitable for dental education purposes. This ﬁgure contains an interactive model of a maxillary left ﬁrst molar. Modeling was
performed based on a μCT dataset with 46 μm isotropic voxel resolution. (a) Mesial view with (b) increasing transparency and (c) removal of dentine and enamel to expose
the entire pulp cavity. (d) Apical view with (e) increasing transparency and (f) removal of dentine and enamel. In addition, (f) shows the root canals outlined in white
following virtual sectioning right below the apex. The embedded interactive 3D model can be activated by left-clicking anywhere on this ﬁgure in the PDF version of this
article (requires Acrobat Reader 9.0 or higher on all operating systems, right-click to deactivate the 3D mode).
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the enamel cap and dentine of a transparent human tooth model
(Fig. 7a). This model was printed using an ARM-10 rapid proto-
typing 3D printer (Roland DG Corp., Hamamatsu, Japan) that uses
a speciﬁc AM technique (optical shaping), where liquid resin is
cured by exposure to ultraviolet radiation. However, this particular
tooth model was printed to illustrate only the external features of
the tooth (Fig. 7b). Using the same technique, another tooth was
printed, but its hollow interior was ﬁlled with red ink (Fig. 7c) in
order to visualize the shape of the pulp cavity (Fig. 7d). Some of
the applications of AM in dental education include the possibility
to (1) scale the teeth for didactic purposes (Fig. 7d), (2) build a
collection of 3D tooth models showing atypical or only regionally
prevalent anatomies, (3) produce a large number of teeth for
destructive analysis, (4) present the teeth in the form of individual
substructures that need to be assembled correctly by the students,
and (5) build an extensive collection of 3D models of healthy and
diseased teeth using raw data made available online by research-
ers and dentists from all over the world.
5.4. Online deposition of three-dimensional tooth data
As illustrated above, modern non-invasive imaging techniques
such as μCT can be used to generate anatomical tooth data rapidly
and on a large scale. Because these data are digital, they can bemade publicly accessible through the internet, thus circumventing
the problems of individual researchers regarding access to scan-
ning systems [112]. A large amount of mammalian, primate, and
human tooth data being available online would certainly con-
stitute a signiﬁcant resource for students, faculty, and researchers.
These data would permit a better understanding of the variation in
tooth morphology and anatomy from the species to the population
level, which is why we regard a centralized online database of
tooth models as highly desirable for both research and teaching.
Other disciplines in the life sciences, in particular zoology and
paleontology, have begun building repositories primarily for non-
invasively—but also for invasively—gathered 3D datasets [113,114].
Table 2 presents a selection of such data repositories for the life
sciences. Although some of these repositories are restricted to the
presentation of derived image data such as videos or interactive
3D models, several of them permit deposition of 3D imaging
datasets amounting to hundreds of gigabytes or even dozens of
terabytes of raw data. Given the constant progress in data storage
and archiving technology, it is just a matter of time until even
larger datasets become available online.
The ﬁeld of dental education could proﬁt in several ways by the
application of techniques and approaches that are already estab-
lished in other scientiﬁc disciplines. For example, the interactive
exploration of tooth anatomy online, expanded morphometric and
volumetric analyses of internal tooth structures, and large-scale
Fig. 7. Additive manufacturing of human tooth models for dental education purposes. (a) 3D printer in the process of building the enamel cap and dentine of a transparent
human tooth model. (b) Close-up view of the ﬁnal model prior to removal of the supporting struts—these structures are required during printing and need to be manually
removed afterwards. The tooth model is 4 cm high, while the original tooth was about half this size. (c) A water-based red ink is injected into the hollow root canal structures
of a semi-transparent tooth printed in 3D. (d) The ﬁnal tooth model shows root canal morphology due to clearing using methyl methacrylate. The enamel caps were omitted
in order to show the entire shape of the pulp cavity. The inset shows a volume rendering of the original tooth scanned using μCT and illustrates the size difference between
the original object (2 cm high) and the 3D printout (7 cm high).
Table 2
A list of selected data repositories that host 3D image stacks as well as raw or
derived data based on non-invasive scans of biological specimens.
Repository Weblink
Aves 3D http://aves3d.org/
Digital Fish Library (DFL) http://www.digitalﬁshlibrary.org/
Digital Morphology (Digimorph) http://digimorph.org/
Dryad Digital Repository (Dryad) http://datadryad.org/
Giga Data Base (GigaDB) http://gigadb.org/
Morphological Description
Data Base (Morph D Base)
https://www.morphdbase.de/
MorphoBank http://www.morphobank.org/
MorphoSource http://morphosource.org/
Phenome10k http://phenome10k.org/
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virtual models are all methods that dental education could sig-
niﬁcantly beneﬁt from.6. Conclusions
The rapid increase of non-invasive and 3D imaging techniques
used for the study of internal tooth structures in recent years can
largely be attributed to the improvement of the various varieties ofCT scanners. Here, we have reported on several possibilities for the
application of such techniques in endodontic research and teach-
ing. Due to their digital nature, the large amount of tooth data
likely to be made accessible online in the near future to
researchers, practitioners, students, as well as faculty will provide
a signiﬁcant stimulus for the exploration of tooth anatomy. Fur-
thermore, the data derived from non-invasive imaging techniques
can be integrated into dental education and will help students to
acquire an improved understanding of the complex anatomy of the
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